demonstrated that selection signatures can be restricted to one or a few replicate(s) only. These 23 selection signatures frequently have a weak statistical support, and given the difficulties of 24 functional validation, additional evidence is needed before considering them as candidates for 25 functional analysis. Here, we introduce an experimental procedure to validate candidate loci 26 with weak or replicate-specific selection signature(s). Crossing an evolved population from a 27 primary E&R experiment to the ancestral founder population reduces the frequency of 28 candidate alleles that have reached a high frequency. We hypothesize that genuine selection 29 targets will experience a repeatable frequency increase after the mixing with the ancestral 30 founders if they are exposed to the same environment (secondary E&R experiment). Using this 31 approach, we successfully validate two overlapping selection targets, which showed a mutually 32 exclusive selection signature in a primary E&R experiment of Drosophila simulans adapting 33 to a novel temperature regime. We conclude that secondary E&R experiments provide a 34 reliable confirmation of selection signatures that are either not replicated or show only a low 35 statistical significance in a primary E&R experiment. Such experiments are particularly helpful 36 to prioritize candidate loci for time-consuming functional follow-up investigations. 37
INTRODUCTION 39
Experimental evolution provides the opportunity to study evolutionary processes over time 40 scales short enough to be followed experimentally (Garland and Rose 2009; Kawecki et al. 41 2012) . The combination of high-throughput sequencing with experimental evolution (Evolve 42 and Re-sequence, E&R) has been widely used to identify adaptive alleles across multiple 43 replicates starting from the same reservoir of standing variation in highly similar, well-44 controlled environments (Turner et (Huang et al, 2014) . The advantage of E&R studies starting from natural variation is that 52 adaptation is possible without de novo mutations (Teotónio et al. 2009 ). Hence, even organisms 53 with moderate experimental population sizes, such as Drosophila, are able to adapt to novel 54 conditions within experimentally feasible time scales. Furthermore, when the starting variation 55 is sampled from a natural population, E&R studies provide direct information about the 56 frequency of the selected alleles in the wild (Barghi et al. 2019 Franssen et al. 2015) . In this 69 case, the limited number of recombination events during the experiment results in large 70 genomic regions with selection signatures when selection operates on low frequency alleles, 71 that make the identification of individual candidate genes impossible. 72
73
The functional characterization of selected alleles in E&R studies is an important next step for 74 a better understanding of adaptation processes, but despite the recent advances based on the 75 CRISPR/Cas9 technology (Bassett et al. 2013 ), the functional characterization of different 76 alleles in a standardized genetic background is still a challenging and time-consuming task. 77
This implies that investigators are well-advised to have high confidence in alleles that are going 78 to be functionally tested. 79
80
We propose a simple experimental procedure to validate candidate regions with weak statistical 81 support, either due to a weak selection signature across replicates or replicate-specific selection 82 signatures. The basic idea of this approach is that an evolved population is "diluted" with 83 ancestral genotypes. This reduces the frequency of putatively selected alleles and the 84 reproducible increase in frequency of selected alleles in multiple replicates evolving under the 85 same selection regime (secondary E&R) serves as a validation of candidate regions. Because 86 secondary E&R experiments provide the opportunity for additional recombination events, we 87 also evaluated whether this approach increases the mapping resolution, which is particularly 88 important for low frequency beneficial alleles. 89
Applying secondary E&R to a candidate region identified in D. simulans populations that have 90 been exposed to a novel constant hot environment at 23°C for 70 generations, we demonstrate 91 that candidate selection targets can be experimentally confirmed. 92
NEW APPROACHES 94
Previously, experimental evolution studies exposed laboratory evolved populations to selection 95 regimes in the opposite direction (reverse evolution) ( we also accounted for coverage heterogeneity among samples (56x -261x, Table SI 3 Instead, the 20 most significant SNPs of CMH y,z changed in both replicates y and z with a mean 130 AFC of 0.55. This AFC is less pronounced than the one observed for the significant SNPs of 131 replicate x (0.96). This heterogeneity among replicates suggested that at least two distinct 132 classes of haplotypes were selected. 133
We further scrutinized the hypothesis of at least two distinct selected haplotypes and plotted 134 the AFC of the two sets of top 20 SNPs in the candidate region on chromosome arm 3R ( Fig.  135 3.): 20 SNPs from FET x and 20 SNPs from the joint analysis of replicates y and z, i.e. CMH y,z . 136
The two sets of candidate SNPs displayed group-specific AFC; one set showed a pronounced 137 AFC in replicate x and the other one in replicate z, but almost no change in the other (Fig. 3 ., 138 Given that the dilution reduced the frequency of the selection target, we anticipated that 192 additional recombination events occurring during the repeated spread of the selection targets 193 would also increase the mapping resolution. Nevertheless, we noted that the selection signature 194 was broader in the secondary E&R experiment than in the primary one ( Fig. SI 6) . replicates, y and z, we identified significant candidates, which could be confirmed in the 220 secondary E&R experiment. Thus, we demonstrated that even populations with weak selection 221 signatures can be used to confirm the presence of selection, which could not be recognized 222 before. 223
Secondary E&R experiments are not fast, the 30 generations of this experiment took about 14 224 months, but the maintenance of replicate populations does not require many resources and 225 provides therefore a very good approach to experimentally validate genomic regions 226 experiencing selection. Mapping of causative variants could not be achieved in this pilot study 227 and requires alternative approaches to do so. Nevertheless, the dynamics of selected genomic 228 regions are highly informative of the underlying genetic architecture of beneficial mutations. 229
Polygenic adaptation to a novel trait optimum displays characteristic dynamics (Franssen et al, 230 2017), which are best detected in multiple replicates. We anticipate that the analysis of multiple 231 replicates in secondary E&R experiments will provide an unprecedented opportunity to study 232 replicated dynamics of selection targets in order to understand the architecture of adaptation. 233
It is also conceivable to use this experimental setup to study the dynamics of a given selected 234 region in an alternative selection regime. 235 236 A particularly interesting pattern could be confirmed in this study: two different haplotype 237 classes are carrying adaptive variants that increase fitness of the populations in a novel hot 238 environment. It is particularly remarkable that the two groups of haplotypes seem to be 239 mutually exclusive -we see either one or the other increasing in frequency in the primary E&R 240 experiment. Also in the secondary E&R experiments we see no evidence of parallel selection 241 of both haplotype classes, but their different starting frequencies in the secondary E&R 242 considerably decrease the opportunity for a strong frequency increase of the haplotype with the 243 lower starting frequency. The mapping resolution is not high enough to determine whether the 244 same gene is carrying a beneficial mutation in both haplotype classes or different genes are 245 selected. Thus, similar to many other E&R studies, a good strategy for fine mapping is needed 246 to answer these questions. 247
MATERIALS AND METHODS 249
The Primary E&R Experiment 250
Experimental Population and Selection Regime 251
We collected a natural D. simulans population 10 km North of Stellenbosch, South Africa, in 252 
Creation of a Bona Fide SNP Catalogue for the Primary E&R study 262
We generated Pool-Seq data for the 3 replicates of F0 from females only and for the 3 replicates 263 in F70 (sex ratio ~ 50:50). DNA extraction, barcoded library preparation and sequencing 264 followed standard procedures and are given in Supplementary Table I . We followed standard 265 approaches for quality control, read mapping, read filtering, trimming as well as SNP calling 266 and SNP filtering. 267
We used libraries with different insert sizes, which can result in false positives (Kofler et al, 268 2016 ). To account for this, we expanded the double-mapping procedure suggested by Kofler Supplementary Table II) To determine the list of candidate SNPs, we ran neutral forward Wright-Fisher simulations for 285 each replicate based on N e estimates ( Table 1) 
